Alongside recent advances in fluorescence microscopy technology, a growing number of f luore scent molecules have been developed to label various targets. The most important step in the dye-labeling procedure is removal of the unreacted fluorescent dye to enhance the signalto-noise ratio in the detection of the targeted molecule. Although removal of unreacted dye is of paramount importance, only a few methods exist for purification of dye-labeled oligonucleotides. Among these, HPLC, gel electrophoresis, size exclusion chromatography, and ethanol precipitation are widely used, but they are often timeconsuming and inefficient, leading to a considerable loss of labeled sample during the extraction process (1) .
The difference in the solubility of the free dye itself and the dye-labeled oligonucleotides has also been utilized to enable facile separation using mixtures of two immiscible liquid phases (2) .Recently, we employed this purification approach using butanol to extract hydrophobic dyes such as ATTO from dye-labeled DNA, which would remain in the aqueous phase (3) . Although a much-improved technique compared with ethanol precipitation, it is applicable only to hydrophobic fluorescent dyes in order to take maximum advantage of the solubility difference between the dye and hydrophilic DNA. Here, we present a new method that is still facile and efficient but is also applicable to any fluorescent dye-regardless of its hydrophobicity-because it exploits the pH-dependent solubility of the dye in aqueous solution. Figure 1A shows the drastic solubility differences of a free dye in aqueous solutions of different pH values. The free dye (Cy5) and dye-labeled DNA remain mostly together in the aqueous phase (bottom layer of the left vial) at pH 8.5 but become separated between the butanol and aqueous phases at pH 3.0 (top and bottom layer of the right vial, respectively). It should be noted that pH 8.5 is a typical labeling buffer condition for a primary aminebased DNA labeling reaction, with the optimum pH range for the N-hydroxysuccinimide (NHS) -ester reaction being pH 8.0-9.0. The labeling buffer we typically used was 0. Previously, we reported a method for facile purification of oligonucleotides labeled with hydrophobic dyes, based on the solubility difference between the hydrophilic DNA and unreacted dye.
Here, we present a new purification method applicable to any dye regardless of its hydrophobicity. We exploited the population shift of a fluorescent dye in a low-pH aqueous solution from its anionic form toward its neutral form. When the pH of an aqueous solution containing dye-labeled DNA and unreacted free dye is lowered, and the solution is mixed with a hydrophobic organic solvent (butanol), the neutral free dye is preferentially dissolved in the organic phase, leaving behind the hydrophilic dye-labeled DNA in the aqueous phase. We experimentally verified that our new method results in high yields of dye-labeled oligonucleotides and the efficient removal of free dye.
Benchmarks

METHOD SUMMARY
Our new method for the purification of dye-labeled DNA is based on an increase in the neutral form of the fluorescent dye at lower pH, allowing the dye to better dissolve in the hydrophobic organic layer of an immiscible two-phase solution.
The hydrophilic DNA is then recovered from the aqueous phase.
Fisher Scientific, Waltham, MA)]. We were able to separate the free dyes into the butanol phase by controlling the pH of the aqueous solution (Supplementary Figures S1 and S2).
The relationship between the pH of an aqueous solution and the solubility of a molecule in that solution has been noted in an earlier study (4) . The pH-dependent solubility can be understood using the Henderson-Hasselbalch equation:
According to the e quation, the negatively charged form of the molecule is the dominant species in aqueous solution when the pH of the solution is greater than the pK a of the dye, while the molecule will increasingly react with a proton at lower pH values to form the neutral species that is more soluble in the hydrophobic organic solvent.
The net result is that the negatively charged dye molecule is effectively transferred from the aqueous phase to the butanol phase as it is converted from the anionic to neutral form at lower pH. Of course, DNA remains in the aqueous phase due to the negative charges on its phosphate groups, with a pK a of 0.7-1.0 (5), as long as the solution's pH is not reduced below the point where the phosphate groups themselves become neutralized.
In order to confirm the pK a values of the dyes and the DNA, the absorbance of free dye was measured in butanol after purification using a UV/ Vis spectrometer, while the pH of the aqueous solution was varied from 1.0 to 9.0 ( Figure 1B and Supplementary Table S2 ). The Boltzmann function was fitted to each curve, and the pH at the half-point of absorbance (where half of the free dye molecules exist as [A -] and the other half as [HA] ) is defined to be the pK a . The measured pK a is consistent with the net charge of each dye, as can be seen in the case of Alexa 488, which has a net charge of -3.94 at pH 7.4 and showed the lowest pK a of 3.1 (6) . The pK a values of free Cy5 and DNA were measured as 4.8 and 1.6, respectively, so we can achieve purification for Cy5-labeled DNA with an aqueous solution of pH 3.0. Purifi- The pH-adjusted buffer is added to the DNA sample, followed by the addition of water-saturated butanol. After vortexing vigorously for 10 s, the mixture is separated into aqueous and butanol phases by a brief centrifugation (4000 × g, 10 s). Free dye is removed by discarding the butanol phase. The purification steps can be repeated as many times as needed. cation efficiency at pH 3.0 is much greater than that at pH 8.5. (Figure 1C and Supplementary Figure S3) . The purification process is simple and fast ( Figure 1D ). The entire procedure takes <10 min, which is faster than any other dye-labeled oligonucleotide purification method. After purification, the sample can be titrated back to neutral pH for storage or further treatment by adding an alkaline solution such as NaOH.
Single -stranded DNA (ssDNA) labeled with Cy5 was purified using both ethanol precipitation and our new method, and then separated by HPLC.
The HPLC data clearly demonstrate superior removal of unincorporated dye when using our method compared to the ethanol precipitation technique (Figure 2A ). The data also prove that the amide bond between the DNA and fluorescent dye is intact.
To test the robustness of samples prepared by our new method for use in downstream assays, purified dye-labeled ssDNA was annealed with a complementary strand for confocal imaging. An analysis was carried out for each individual molecule of Cy5-labeled double-stranded DNA (dsDNA) ( Figure  2B ), which showed that there was no difference in the photon counts per pixel and the maximum photon counts between samples prepared by the ethanol precipitation method and the pH-controlled extraction method, verif ying that these fluorescence properties are not altered by the pH shift ( Figure 2C ). We also confirmed that DNA samples prepared by our new pH-controlled method do not show any noticeable signs of degradation, such as fragmentation or depurination, based on native PAGE gel and HPLC data ( Supplementary Figures S4 and  S5) . Furthermore, our experimental data showed a 97% recovery yield for the new method, which is higher than the 70%-95% recovery yield of gel filtration (Illustra NAP-10 Columns, Cat. #17-0854-02; GE Healthcare, Chicago, IL). 
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